Abstract. The study describes an experimental site installed in an arid region for the study of spatial variations in rainfall, runoff and erosion processes along slopes. Data obtained indicate that despite the frequent development of universal overland flow, due to excess rainfall, runoff generated at the upper part of slopes, 60^70 m in length, has little or no chance of reaching the slope base during most rainstorms and thus does not contribute to channel flow. The spatial distribution of areas contributing to channel storm flow was found to be similar to that observed in the humid regions. In both cases the contributing area is limited to a belt extending at the base of the slope area. An analysis of the factors affecting the spatial pattern of runoff development in the arid zone is presented. Suspended sediment data collected indicate that no correlation exists between observed sediment concentrations and runoff rates.
INTRODUCTION
Recent studies on the process of runoff generation in humid areas tend to reject the Hortonian approach concerning the contribution of universal overland flow to storm channel runoff. It has been claimed that infiltration capacities over most of the area of a drainage basin exceed, even under extreme rainfall conditions, the rainfall intensities that would be required to generate surface flow by excess rainfall. At the same time overland flow may be generated by many storms in which rainfall intensities are lower than those required to fulfil the infiltration capacities over the entire drainage basin, indicating thus that the process of runoff generation is spatially non-uniform even within small basins (Hewlett & Hibert, 1967; Betson & Marius, 1969; Kirkby & Chorley, 1967; Tischendorf, 1969; Hewlett & Nutter, 1970; Chorley, 1970; Dunne, 1978) . The most effective areas, in terms of contribution to storm runoff, were found to be the channel itself and a belt extending on both sides of the channel in which the saturated or nearly saturated soil has very low infiltration capacities. The identification of the areas contributing storm runoff led to the formulation of the concept of 'partial area contribution to storm runoff' and in its dynamic form to that of 'variable source area'.
The rarity of occurrence of Hortonian overland flow in humid areas does not apply to arid areas. Here, the shallow and patchy soils together with the low density of the vegetation cover cause infiltration capacities to be lower than rainfall intensities of most storms. Overland flow could therefore be expected to be high in its frequency and magnitude and to develop quite simultaneously over most and perhaps all of the area of small basins. It seems, therefore, that arid areas would perfectly fit into the classical Hortonian approach of universal overland flow production. Nevertheless, recent studies on hillslope hydrology of arid areas show that, despite the fact that the base of arid slopes is far from being saturated, the pattern of variable source area does apply to arid areas as well (Yair & Lavee, 1974; Bryan et al, 1978; Yair et al., 1978; . Results obtained in the above studies indicate that in arid areas the non-uniform spatial contribution to storm channel flow is caused by factors related to rainfall regime and surface properties which were not considered in humid areas.
The present study deals with the spatial variation in overland flow generation and erosion processes over an arid limestone hillside. Following is a presentation of the approach, experimental design and some preliminary results obtained at the research basin near Sde Boqer, northern Negev, Israel. A description of the concepts underlying the early planning of the experiments has already been given by the present authors . The actual experiments and results from two typical storms are given below.
As in arid areas the process and rate of overland flow generation represent an essential stage in the very initiation and development of channel runoff, the study focused on the processes occurring on the sloping parts of the basin; channel processes being meanwhile excluded.
THE STUDY AREA

Rainfall
The study area is located in the northern Negev of Israel (Fig. 1) . Average annual rainfall is 91 mm with extreme values of 34 and 167 mm (1951-1975) . The rainfall season is relatively short starting in October and ending in April, with most of the rainfall occurring between December and February. The number of rain days is low, around 18; only a few rainstorms yield more than 20 mm/day (Shanan et al., 1967) .
Topography, geology and soil cover
The experimental site is limited to the northfacing hillside of a first order drainage basin extending on one side of the channel (Fig. 1) relief is about 30 m. Length of slope varies from 55 to 76 m and mean slope gradient from 11.5 to 29.5 per cent. The local stratigraphie section is Turanian, which is represented here by the Drorim, Shivta and Netser formations (Arkin & Braun, 1965) . Strata are subhorizontal with a gentle dip of 4-5° towards north-northwest. Although the three formations are mainly composed of limestone rock they create, due to their structural properties, different environments in terms of their surface properties. The Drorim formation outcrops in the lower part of the experimental site ( Fig. 1) . Rock strata are 10-30 cm thick and very densely jointed. Bare rock is exposed over the upper part of slopes whose lower part is buried under a contiguous stony colluvial soil. The Shivta formation, a massive limestone, is exposed over the central part of the experimental site. Strata are thick, forming a stepped topography. Extensive bedrock is exposed over most of the surface. The soil cover is limited to soil strips at the basis of rock terraces. The Netser formation outcrops at the upper part of the site. Strata are thin and densely jointed. Rock outcrops cover most of the area and the soil cover is shallow and patchy.
THE EXPERIMENTAL DESIGN
Two sets of factors interfere in the process of runoff generation. The first relates to rainfall properties and the second to surface properties.
Spatial distribution of rainfall
Studies on the spatial distribution of rainfall over limited areas, show differences in the order of 10 to 70 per cent in the rainfall amounts (Cappus, 1958; Sharon, 1970; Shanan, 1975; Sharon, 1980) . Considering that rainfall duration is uniform over small areas, differences in rainfall amounts actually reflect differences in rain intensity and may thus entail a non-uniform spatial generation in runoff. In order to obtain the detailed spatial distribution of rainfall a network of 19 raingauges has been established. The raingauges were distributed along three lines: along the base of the slope area; at mid slope and along the local divide line of the basin (Fig. 2) . In order to obtain the actual amount of rainfall, intercepted on the ground surface, the raingauges were installed 30 cm above the ground having their orifices exactly parallel to the local sloping ground Sharon, 1980) . In this way a raingauge constitutes a truly representative sample of the ground surface with respect to local aspect and slope inclination. In addition two rainfall recorders were installed, one on the ridge and the other near the channel. Raingauge observations are made shortly after each storm.
Spatial distribution of runoff and sediment
The study of the spatial variations in slope runoff is based on 10 contiguous plots draining parallel strips of the entire experimental site. Three of these plots numbered 2, 4 and 9 were subdivided into three subplots each: a long one, extending from the divide to the slope base and the two adjoining ones short, draining the upper or lower section of the slope respectively. Each of the subplots is equipped with a water level recorder. The other plots are equipped with volumetric water meters. Most of plot 2 extends over a uniform lithological unit, while plots 4 and 9 each cover two different units (Fig. 1) . Such a design allows the study of the spatial variations in runoff yield in the lateral direction, i.e. from the upper to the lower part of the experimental site, as well as along selected slopes from top to base for both uniform and non uniform lithological units.
The collection of sediment data is principally based on the 9 subplots which are also equipped with automatic suspended sediment samplers, each containing 24 bottles of 500 ml. The first water sample is taken at the very beginning of the flow and the following samples, until the flow ends, at fixed intervals of 2.5 or 5 min. Samples collected are subjected to a standard concentration analysis. Resulting data, together with recorded runoff rate, allow an accurate analysis of variation in sediment concentration during each flow event, as well as the computation of the suspended sediment yield.
RESULTS AND DISCUSSION
Results from two storms are presented below. The storms have been selected to include one of short duration and high intensity; and another one of long duration and relatively low intensity. Both storms represent rather extreme rainfall conditions in the study area, when runoff generation over small basins can be expected to be spatially more uniform than under low intensity and short duration storms.
Sediment data analysis focuses on the aspect of variation in the sediment concentration during a single flow event and during a storm with multiple flow occurrence.
The storm of 5 April 1977
Rainfall characteristics
The storm, consisting of a single shower, lasted for 16 min. It started at an intensity of 0.3 mm/min. Intensity increased gradually reaching the peak value of 1.6 mm/min at minute 7. Then it decreased approximately to its initial level at the end of the storm (Fig. 3) .
The spatial distribution of effective rainfall, incident on the ground surface, was strikingly non-uniform varying from the minimum value of 9 mm to a maximum of 13 mm (Fig. 4) . The rainfall map shows that rainfall was highest on the northwest facing portions of the slope wherefrom it decreased to the north and west. A similar pattern of rainfall distribution is obtained often over the experimental site. It is fully explained by the geometric relationships between the direction and inclination of incoming rainfall and varying local aspect and slope inclination (Sharon, 1980) . It is worthwhile noting that actual rain intensities were higher than values indicated above. These values were computed when using the rainfall amount of only 8.5 mm recorded by a rain recorder with horizontal orifice. As the actual rainfall measured in inclined gauges was greater, rain intensity of individual sites should be upgraded proportionally. 
Runoff data
The runoff yield and specific discharge obtained at the subplots equipped with a stage recorder are presented in Table 1 . Data analysis leads to the following points. At plot 2 the highest runoff yield per unit area was recorded at subplot C, draining the upper, rocky part of the slope (Fig. 1) and the lowest at subplot A draining the entire length of the slope. A quite high, intermediate value has been obtained at subplot B draining the lower colluvial part of the slope.
In the case of negligible infiltration losses at the lower part of the slope, such as in plot B, one would expect the entire length of the slope to contribute runoff water to the gauging station located at the slope base. Under such conditions the specific discharge of subplot A should be at least equal to that of subplot B. In fact, considering that the upper part of the slope (subplot C, upper part of subplot A) contributes the highest runoff yield per unit area a higher specific discharge for subplot A than for B would not be impossible.
In the present case subplot A, covering 465 m 2 , contributed about the same runoff volume as subplot B, which extends over 337 m 2 only, causing the specific discharge of the former plot to be lower than that of the latter. It therefore appears that most and possibly all of the runoff generated upslope was absorbed on its way downslope, by the colluvial, lower part of the slope, before reaching the gauging station. This leads to the conclusion that station 2A recorded only that part of the runoff that had been generated at the lower part of the plot.
The resulting pattern of slope area contributing to channel flow is therefore similar to that observed in humid areas. In both cases the most effective area is limited to a belt of varying width at the base of the slopes. However, the explanation proposed for the latter areas-occurrence of saturation overland flow-does not apply at all to arid areas, where this is certainly not the general case. In fact, according to a recent botanical and pedological work (Yair & Danin, 1980 ) the base of colluvial slopes represents the driest part of the slope. A tentative explanation of the results obtained is that at any moment during the flow, even at peak flow, the depth of the water layer is shallow. Considering the high roughness of the stony environment, flow velocities are low of the order of 1.5-3.5 m/min, seldom exceeding 6 m/min (Emmett, 1970; Lavee, 1973) . The combination of low flow velocities, with a short duration flow occurrence, leads to the result that runoff generated at the top of the slope does not have enough time to reach the slope base before rainfall cessation. Furthermore, as in storms of short duration the infiltration capacity of the colluvial soil remains high, even at the end of the rainfall, infiltration losses into the colluvial part of the slopes during the falling stage of the flow are important and may prevent runoff water generated upslope from reaching the slope base.
Assuming that only the lower half of the slope length contributed to the measured discharge, this would imply a flow velocity of 30:15 = 2 m/min which is on the same order of magnitude as obtained in the above studies.
Data obtained for plot 9 (Table 1) show basically the same trend that has been identified at plot 2: subplot 9A contributed less runoff per unit area than each of the adjoining subplots B and C. However, quite different results were obtained for plot 4. Here subplot A contributed more runoff per unit area than subplot B, but less than subplot C. The difference between A and B is more pronounced when runoff volumes are considered (Table 1) . It may well be ascribed to the pattern of rainfall distribution (Fig. 4) . Subplot A is located within the area of maximum rainfall and received the average amount of 12.5 mm, whereas subplot B collected at the same time an average rainfall of 10.5 mm.
It therefore appears, that in the case of subplot 4A some of the runoff generated upslope did reach the slope base.
Sediment data
Sediment data are presented for those plots where a reliable and complete sampling has been obtained (Fig. 3) . Data collected indicate that at all plots no relationship can be observed between sediment concentration and runoff discharge. The highest concentrations are recorded at the initial runoff; followed by low to very low concentrations at peak flow and a secondary peak of sediment concentration at the fall stage of the flow. Similar trends were previously obtained for scree slopes in an arid area (Yair & Lavee, 1976) , as well as in experimental studies in humid areas (Ellison, 1945; Lowdermilk & Sundling, 1950; Emmett, 1970) .
The initial high sediment concentration may be attributed to the existence of a thin loose surface layer produced by weathering, drying and churning of the soil by animals in the interludes between rain periods. Additional amounts of material maybe provided by the splash erosion process during the time interval between the start of rainfall and that of runoff, before a protective layer of surface water detention is built up over the soil cover (Palmer, 1963) . Such a protective layer, coupled with the low velocities of overland flow might well explain the decrease in sediment concentration values during the rising flow stage up to peak discharge. The understanding of the sediment concentration peak at the falling stage of the flow is more problematic. Since the splash process is no longer active after the rainfall has stopped, the secondary peak may be explained by the fact that erosion velocity is higher than that required for transportation. Therefore, the fine grained particles detached during the rising stage continue to be transported for some time during the falling stage, in spite of the decrease in the runoff rate, resulting thus in an increase in the suspended sediment concentration.
The storm of 12 December 1978
The storm consisted of several separate showers that occurred within 11 h. The net total duration of rainfall was 7 h 15 min. Most of the time rain intensities were below 0.1 mm/min. Intensities above 0.1 mm/min and up to 0.84 mm/min were recorded six times for very short periods (Fig. 5) .
The pattern of the spatial distribution of the rainfall incident on the ground surface (Fig. 6) is very similar to that obtained for the storm of 5 April 1977. Rainfall amounts varied from 18 to 22 mm.
Runoff data
Six individual flows were recorded at each of the subplots equipped with a stage recorder. Although the hydrological response of these plots was not uniform all flows reflect the influence of rain intensity and duration. The typical trends obtained are presented in Fig. 5 .
Following the reasoning used for the analysis of the previous storm it appears that a pattern of partial area contribution to runoff characterizes the first flow, which occurred on relatively dry soil conditions, as well as the third and fifth flows whose short duration prevented runoff water generated upslope from reaching the slope base. A different trend was recorded at the three remaining flows. At these flows subplot A contributed more runoff per unit area than subplot B and more runoff in volume than B + C taken together. Such a result indicates that runoff generated upslope did reach the slope base. It should be noted that a storm of this size, about 20 mm, has a relatively low return period in this region. Different combinations of factors may have contributed to the continuity of the flow along the slope. At the second flow the main factors seem to be the prolonged rainfall duration combined with the highest rain intensity recorded. At the fourth and last flow the combination of high antecedent soil moisture conditions with the long duration of the shower are the main factors.
Sediment data
As for the storm of 5 April 1977, only the most reliable and complete samplings are presented. In addition to the variation in the sediment concentration during a single flow, data obtained allow analysis of the variation in average sediment concentration for separate flows during the storm (Fig. 7) . At all plots, and at the large majority of the flows, the trends recorded in the variation of the sediment concentration during a single flow are similar to those described for the storm of 5 April 1977. The main difference lies in the absolute values of the sediment concentration which were lower for the storm of 12 December 1978 despite the higher rainfall amount involved (20 mm as compared to 11 mm). This may be related to the difference in rain intensities between the two storms.
An interesting trend was observed in the variation of average sediment concentration per flow during a storm consisting of several consecutive flows (Fig. 7) . Since, in the present case, runoff rate, and thus runoff energy, increased from the first to the fourth flow one would expect a parallel increase in the average sediment concentration values. Such an increase could have also been facilitated by the assumed decrease in soil cohesion caused by the gradual increase in soil moisture content. Instead, the trends described for a single flow recur in a multiple flow storm. The highest average sediment concentrations were recorded at the first flow event, followed by a decrease in the concentrations. A secondary peak in the concentration was often recorded during the two last, small, flows. Furthermore, when data obtained at all plots and flows are related to the runoff discharge no correlation seems to fit the data (Fig. 8) . A tentative explanation of results obtained is that even at the highest runoff rates recorded, flow energy is apparently below the critical value needed to overcome the cohesion of the soil and to provide substantial amounts of eroded material. At the same time, the relatively high concentrations recorded at medium to low runoff rates point to the importance of processes responsible for preparing loose soil aggregates liable to be transported by shallow, low velocity, flows. Among these processes are splash erosion and the digging and burrowing activity by desert animals such as isopods and porcupines (Yair, 1978) . However, the authors are quite aware that more data should be collected to confirm results obtained so far, before any final conclusion can be drawn.
Theoretical implications
In order to evaluate adequately the results obtained one should consider the frequency and magnitude of the two storms studied in the present paper. The average rain intensity of the storm of 5 April 1977 was 0.7 mm/min. The intensity of 40 mm/h was exceeded for 9 min (see Fig. 3 ). According to Kutiel (1978) the yearly average duration of an intensity exceeding 40 mm/h in the study area is 4.5 min. However, it may happen in more than a single storm. This means that the above magnitude is not an annual event.
The low intensity and prolonged second storm totalled an average rainfall amount of 20 mm in 11 h. On the basis of a record of 30 years the recurrence interval of such a storm can be estimated at 5 years. Both storms studied represent therefore rather infrequent rainfall conditions. Data obtained so far at the experimental site of Sde Boqer clearly indicate that runoff generation in the Hortonian sense (i.e. runoff due to excess rainfall) occurs very frequently over arid limestone hillsides. Furthermore, at most rainstorms, runoff generation is universal, covering the large majority of the area. However, despite the very high responsiveness of the area to storm rainfall the continuity of the runoff process along the slopes, as described and assumed by Horton (1945) , seems to be infrequent even over relatively short slopes and rather extreme conditions of rainfall and antecedent soil moisture. At most storms, because of the short duration of individual showers, combined with the high roughness and high absorption capacity of the stony colluvial cover runoff generated upslope has little or no chance of reaching the slope base and thus cannot contribute to channel flow. At the same time runoff generated at the lower part of the slope obviously does reach the channel. The resulting spatial pattern of slope areas contributing to channel flow is therefore quite similar to the pattern of variable source area described for humid regions. In both regions, although for completely different reasons, the most efficiently contributing area is limited to a belt extending on the two sides of the channel. This belt can be expected to extend upslope during prolonged storms following antecedent wet soil conditions. Furthermore, the upslope extension of this belt can be expected to be slower in humid than in arid regions.
However, the duration of rainfall in individual showers in arid areas is relatively short. Hence, situations in which an entire slope, 60-70 m in length, contributes to channel flow seem to be quite rare. Since the length of slopes increases, up to a certain limit, with the size of the basin, the very existence of the pattern of partial area contribution can be expected to be more pronounced over larger than over smaller basins. This trend is enhanced by additional factors such as the size of rainfall cells, which may cover only part of larger basins, and infiltration losses in the channels.
Spatial variations in runoff generation over small basins can also be ascribed to the spatial variations in rainfall amount and intensity. Differences in rainfall of up to 40 per cent were observed over the experimental site of Sde Boqer, the topography of which is relatively smooth, with little variation in slope inclination and orientation. In more varied, or rugged, topographies significantly larger local variations in rainfall have been encountered (Sharon, 1970; Sharon, 1980) . Finally, the analysis of sediment data collected so far indicates that no correlation exists between the suspended sediment concentrations and the runoff rates. The high concentrations at the low runoff rates are tentatively attributed to the role of various processes providing loose soil aggregates liable to be detached and transported by low velocity flows, whereas the low concentrations during the rising and peak stages of the flow indicate that even at peak flow runoff energy is below the threshold value needed to detach particles from the mechanical and biological (lichens, mosses) topsoil crust.
